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Introduction

Organ cultures of human heart valves were used as a model
to study the initial pathobiology of acute infective bacterial endocard itis. We used Swphrlo coccus a11re11s
isolated from a case
of infective endocard itis to infect the in 1•irro culture of the heart
valves. Using scann ing electron microscopy, we assessed the
initial damage . attachment to and invasion of the endo thelial
ce ll layer by staphylococci. Our results indicate there is initial
damage to the endothel ium prior to observation of staphylococci
attaching to the endothe lial cell. By 12 h post infection. there
is significant attachment and damage. At 24 h after infection ,
destruction of the heart valve endothelium is complete . The attachment and destruction arc progressive events and can be correlated quantitativel y with bacterial number s from the culture
medium and those attached to the valves. This is correlated with
increa sing adh erence ratios of the attaching staphy lococc i.

S1aphylococcus aureus causes an acute endocard itis which
often involves previously normal valves. In a recent study covering a 25 year period (II) S. aureus endocarditis represents about
15% of the cases of infective endocarditis; the mortality of such
cases is approxima tely 40%. The systemic toxicity is greater
with S. aureus endocard itis and the clinical course is more active
than in subacute bacterial endocarditis caused by viridans streptococci or enterococc i. The ensuing valvular damage occurs
rapidly and may not be initially apparent because previously
normal heart valves may be involved.
Previous reports (3,6,13) have indicated that adherence to heart
valve leaflets by bacteria associated with infective endocarditis
may be one of the factors involved in the pathogenesis of endocardit is. Gou ld et al (3) reported that both gram positive and
gram negative bacter ia could adhere , in vitro, to the endothe lium
of normal human and canine aortic leaflets and that those microorgan isms most frequently assoc iated with endocarditis had the
greatest amount of in vitro adhe rence. Several laboratories have
implicated ligands or adhesins composed of bacterial surface
compo nen ts to be mechanisms by which microorganisms
adhered to heart valves. Ligands composed of glucan have been
implicated in Streptococcus murans and Streptococcus sanguis
attachmen t to heart valves (6). Beachy (I) showed that the lipoteichoic acid of group A streptococc i was a suitab le ligand for
attachment to host ce ll ep ithelium . In similar studies RamirezRonda et al. (7,8) implicated that staphylococca l teichoic acid
was a potential ligand involved in staphylococca l attachment to
damaged heart valves. These observations can be corre lated with
several studies (4,10,12 ,14) wh ich suggest that the presence of
high titers of ant i-stap hylococca l teichoic ac id ant ibod ies are
compat ible with staphylococca l endocardit is.
Although some information exists concerning the specific
ligand-rece ptor interact ion in the pathogenesis of staphylococcal endocar ditis, relatively little is known about the basic events
in the pathogenesis of the disease . This paper is directed toward
understanding the initial events in the adherence of staphylococci
to organ cultur ed heart valve lea flets such that the mechanisms
of infective bacterial endocarditis can be better unders tood.

Keywo rds: Staphy lococci. adhere nce. Sraphylococcus ar.1re11s,
organ cultures, endothelial cells. endocarditis. acute endocarditis.
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Materials and Methods
Bacteria
Thr ee coag ulase positive S. aureus strains, isolated from
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human cases of infective endocarditis were used in these studies.
The organisms were grown on trypic soy agar or broth (Difeo
Laboratories , Detroit , Ml) and maintained at -70 °C in 10%
skim milk until used.
Standardized inocula were prepared as described by Gould
et al. (3) and a dose of - I x 104 organisms was used to infect the heart valve leaflet organ cultures .
Heart Valve Leaflet Organ Cultures
Human aortic valves were obtained from the Departments of
Pathology at St. John's Hospital and Memorial Medical Center,
Springfield , IL. Canine and porcine valves were obtained from
animals sacrificed for other purposes at the S.I.U. Laboratory
Animal Resource Center. The following procedure was used to
prepare heart valve organ cultures regardless of source. Heart
valves were removed aseptically from the heart and placed in
Hanks balanced salt solution (HBSS). Heart valve leaflets were
removed from the HBSS and placed on a sterile mat of filter
paper saturated with RPMI 1640 tissue culture media containing 25 mM HEPES (HEPES-RPMI 1640). Circular sections
of the valve were removed with a I mm skin biopsy punch and
sections were placed in a 10 x 30 mm tissue culture dish containing I ml of HEPES-RPMI 1640. These organ cultures were
placed in an incubator containing humidified 5 % CO 2 atmosphere at 37°C and incubated overnight. The following morning the cultures were examined for sterility and then infected
with approximately 104colony forming unit s (CFU) of staphylococci. Attachment of the staphylococci was monitored by quantitative measurements as well as scanning electron microscopy .
Quantitative Measurement of Bacterial Adherence to Heart
Valve Leaflets
Four valve sections were placed in plastic tissue culture dishes
and infected with approximately 104CFU of staphylococci , and
incubated with shaking at 37°C in a humidified 5 % CO 2 atmo sphere. At each time interval (0, 2 , 4, 6, 12 and 24 h) four valve
sections were removed from the culture media. Two of the sections were placed into a culture dish containing 3 ml of culture
media. The tissue was washed by swirling through 3 changes
of media in different culture dishes for 15 sec each. Each pair
of sections was then placed in a homogenization tube containing 3 ml of culture media and homogenized using a Techmar
tissue homogenizer (Techmar SOT) at maximum speed for I
minute. Quantitation of viable staphylococci was performed by
removing 0.1 ml of the bacterial suspensions in the original organ
culture fluids as well as from the homogenized valve sections ,
serially diluting in HEPES-RPMI 1640 and plating 0.1 ml of
appropriate dilutions on trypticase soy agar. Colonies were enu merated after overnight incubation at 37°C. The adherence ratio
was defined as the proportion of bacteria in the original culture
suspension that was recovered from the washed, homogenized
valve sections . Adherence ratio = (viable bacteria recovered
from the heart valves [CFU /ml])/(viable bacteria in the incuba tion media [CFU /mll).
Electron Microscopic Examination of Attachment to the
Heart Valve Endothelium
Tissues to be examined by scanning electron microscopy were
washed (3 X) in HEPES-RPMI 1640 and then fixed overnight
at 4°C in 2 .5 % glutaraldehyde, pH 7.3, in 0.1 M sodium cacodylate. Post fixation was accomplished in the same buffer containing 1.5 % osmium tetroxide for I hat ambient temperature.
The samples were rinsed in 0.1 M sodium cacodylate buffer,
dehydrated in a graded serie s of alcohol, and critical point dried

with carbon dioxide in a Bomar SPC-900 critical point dryer .
The intact organ culture was removed from the lens paper backing, mounted on colloidal carbon surfaced stubs, and coated
with gold-palladium (40:60) in a Polaron E5000 sputter coater.
Tissues were observed in a Hitachi S-500 scanning electron
microscope and photographed on Polaroid SN55 film.

Results
Scanning Electron Microscopic Observations of Human
Heart Valves and Staphylococcal Attachment
Both human aortic and mitral valves were used to prepare
the heart valve organ cultures. The organ cultures had an intact
endothelium at the initiation of the experiment as seen in Figures
la and g. The culture conditions preserved the tissue in uniform
endothelial cell layers throughout the experimental times as can
be seen in a typical example of the 24 h non-infected controls
(Figure lb) . It was evident that soon after the introduction of
staphylococci into the organ cultures that there was significant
disruption of the integrity of the endothelial cell layer. A typical
example is seen in Figure le. Although the staphylococcal inoculum is too low ( - 104 CFU) and the time too soon after inoculation to see attachment , a primary and perhaps necessary
event has taken place in which the endothelium has become traumatized. A typical example of the endothelial damage is seen
6 h after infection of the organ cultures in Figures Id and h . Here
most of the endothelium has been damaged and /or destroyed .
A few remnants of damaged endothelial cells can be seen adhering to staphylococci (arrows). There appears to be attachment
to and invasion of the fibrous subendothelium by the staphylococci . Further, there also appears to be the beginning of a micro
colony here . Figure le depicts a focus of staphylococci in the
denuded endothelial surface . Several remains of cells of the
endothelial layer appear to overlay a large discrete group of
staphylococci , further suggesting destruction of the single cell
layer thick endothelium and invasion of the remaining valvular
structure. The extent of endothelial destruction and amount of
staphylococcal attachment is seen in Figure If. By this 24 h time
frame , destruction of the endothelial layer of the heart valve
is complete . This is in comparison to the undamaged uninfected
control of the same time period (Figure lb) in which the endothelium is uniform, undamaged and has complete integrity.
Human mitral valves were also used in similar organ culture
attachment experiments. It is of interest to note that initially these
mitral valve endothelial cells had microvilli on their surfaces
as is seen in control uninfected tissues (Fig . 2a) . However, these
microvilli do not appear to function as receptors since the staphylococci appear to attach to these endothelial cells without pre ference for the microvillar structures (Figure 2b). By 12 h post
infection the cellular integrity is also lost and the microvilli are
no longer in evidence (Figure 2c). In all other respects the attachment and damage to the mitral valves is identical to that
seen in the human aortic valves.
It also appears that a tissue tropism is not associated with
the staphylococcal attachment to heart valve endothelium. When
similar experiments (data not shown) were performed using porcine and canine valves and staphylococci of human origin, there
was similar destruction and damage to the endothelium as was
seen in organ cultures of the human endothelium .
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Table I. Relationship between the concentration of bacteria in the culture media and the adherence ratio for
Staphylococcus aureus .
Bacteria in the
Culture Media 1
(CFU /ml)

± SEM

0

2.5 X 102

2 .6 X 10 1

0 .7

0.5

264

2

8 .8 X

103

2.3 X 102

2 .8 X 10 1

5.5

3 18

4

1.2 X 103

1.8 X 102

6

8.0 X 102

5.0 X 102

X

106

6 .0 X 105

X

107

1.0 X 106

Time (h)

12
24
1Bacte ri al

I. I

1.7

Bacteria Adherent to
the Heart Valve
Sections (CFU/ml)

± SEM

Adherence Ratio for
Viable Bacteria
(105)

1.7

X

10 1

4.1

1450

2 .8

X

10 1

1.2 X 10 1

3475

I.

X

105

2. 7 X 104

991

106

105

6706

I.

X

2.1 X

co unt s repr esent the mean of thr ee expe rim ent s ± SEM.

Quantitation of Staphylococci in the Organ Culture Medium
and Attachment to the Heart Valves
Th e hea rt valve organ cultur es were infected with an inoculum
of appro ximately 3.8 x 103 or ga nisms per ml and the numb e r
of staphylococc i in the cultur e medum and attach ed to the endothe lia l sur faces was dete rmin ed ove r a 24 h pe riod (0,2 ,4,6, 12 ,
24 h). As is show n in Table I, the mea n numb er of staphylococc i
in the culture medium was 2 .5 X 102 C F U/ ml with esse nti ally
no attac hm e nt to the hea rt va lve endothelium. Alth o ugh staphylococc i we re pr ese nt in both the cultur e medium and the hea rt
valves there was a lag pha se until about 12 h pos t infection. Thi s
lag was a lso noted in our SE M exa min ation of the tiss ue . By
24 h there was max imum attac hm e nt to the tiss ue and pre se nce
in th e cultur e medium . Furth er, the re was a n inc reas ing adh ere nce ratio ove r tim e with the grea tes t rati o occ urrin g at 24 h .

mati o n rega rdin g the initi ation , deve lopm ent and spont a neo us
co ur se of the di se ase . Such a mode l would be use ful for inves tigation s on bacterial adher ence and the virulenc e factors responsible for the seve re and damag ing consequ ences of the di sease.
Our hea rt val ve model may prove useful in pro vidin g answe rs
to these qu es tions.
Gould et al. (3) first used hea n valve lea flets as in virro mode ls
of infecti ve e ndoca rditi s. By th e use of adh e re nce ratio s determined by two ind ependent meth ods they we re able to impli cate
a variety of bac te ria , inc ludin g staph y lococc i in adh e re nce to
hea rt valves. Th ey found that the micro organi sms whi ch mos t
frequ entl y ca used infec tive bac te ria l e ndoca rditi s we re shown
to adh ere bes t to the hea rt valves. Thi s obse rvatio n sugges ted
th at adh ere nce to valvular endothe lium may be an imp orta nt
facto r in the es tabli shm e nt of ac ute e ndoca rditi s in man . Our
data co nfirm ed and extended the obse rvations of Gould et al. (3)
in severa l ways: (I) We have show n that attac hm e nt of coag ulase
pos iti ve staphylococc i to the hea rt valve end othe lium rece ptors
occ ur s and is a prog ress ive eve nt w ith tim e . Furth e r th e adh e rence ratios also increase w ith tim e and num be rs. Go uld et al. (3)
loo ked only at a single event at a sing le tim e (24 h) (2) . We
have show n that uninf ec ted hea rt valve cultur es have an inta ct
endothelium ove r the tim es studi ed (3) . Fro m Figure le it is
ev ident th at the re is som e event which is traum atic (tox ic) to
the endothelium w hich takes place ea rly in the infective pro cess.
Thi s eve nt alte rs the e ndoth e lial cell surfa ce and perh aps
damag es the endothelium such that direct staphyl ococcal atta chment ca n and does proc ee d with out the fibrin and thrombin
depo sition see n in subac ute streptoco cca l e ndoca rditi s.
Several studie s have attempted to expl a in th e pathobi ology
of the interactio n betw ee n bac te ria , in parti cular strept ococci ,
and the heart valve endothelium in both man and animal s (5, 15).
Harasaki (5) studied the initial events in the pathogenesis of experim enta l streptococcal endocarditis in a rabbit model using
both scannin g and tran smis sion electron mic roscopy of the hean
valve endoth elium. He found that a single i.v. injection of str eptococci can damage th e endoth elium. Pinocytotic vesicle s and
intercellular jun ctions were widened after injection of strepto cocci. Then platelets and leukocytes adhered to form aggregate s
which in turn injured and denuded the underlying endotheli al
cells. He showed that in previously normal heart valves , strep tococci can stick to the endothelial surface and cause endocarditis and that nonbacterial thrombic endocarditi s is not alway s
a prerequisite of bacterial endocarditis. Our studies with in virro

Discussion
Staphylococc i ca use app rox imately 20- 30 perce nt of the cases
of in fective endoca rditi s a nd 80- 90 % of these are du e to in fection with coag ulase- pos itive S. aureus. S. aureus is the etio log ica l age nt o f ac ute infecti ve endoca rditi s. Thi s mic roor gani sm
attac ks no rm a l hea rt val ves (i.e . th ose with no c lini call y detec table di sease) in about on e thir d of the patie nts. Th e c lini ca l
co ur se of such infection is frequently fulmin ant w ith wid espread
metas tatic infec tio n which res ults in death in appro ximat e ly 40
perce nt of the ca ses (9).
Sinc e the late 1800's attempt s have been mad e to produc e experim ental e ndo ca rditi s in anim als. Th e most success ful method
was a dire ct dam age to the hea rt valve followed by an intravenous
injec tion of bacte ria as de scrib ed by Wyssokowitsc h in 1886 (17) .
Thi s is still the ba sic con ce pt by whi ch modern experimental
endocarditi s models are de signed. A variation of this is the simple a nd reli able catheter induced endo carditi s model described
by Garri son and Freedman (2) in the early l970's which depends
on a depo sition of platelet s and fibrin on the endothelial sur face followed by the developm ent of a sterile vegetation. Fol lowing developm ent of the vegetation , bacteria are introduced
intravenously and infective bacteri al endocarditis becomes estab lishe d. When thes e models are used to study staphylococcal endoc a rditis , the pathophysiological investigation s are affected by
the influen ce of the indwelling catheter during th e infectiou s
proc e ss. Thu s, there is a need for an experimental model without
a retained cath ete r which could be used to gather basic infor 1233
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Fig. I. Control and infected organ cultures of human aortic
leaflets. Figure la shows the control normal heart valve endothelium at Oh of the experiment. Figure lb is of control endothelium after 24 h of culture. Note that there is still an intact
uniform layer of endothelial cells. Figure Jc indicates the
amount of damage and trauma to the endothelial surface
within 15 min after introduction of staphylococci into the
heart valve cultures. Figure Id is an example of attachment
and damage 12 h after infection. Note the remnants of endothelial cells (arrows) attached to the staphylococci. Figure
le illustrates the damage to the endothelial cells at 24 h post
infection. Note the appearance of a microcolony and its invasion of the endothelium and penetration of the subendoethelial tissue. Figure If illustrates the amount of attachment
and damage to the endothelium at 24 h. Figure Jg is a light
micrograph of uninfected aortic valve endothelium. Figure
Ih is a light micrograph of an infected aortic valve (6 h).
There is a lack of endothelium and staphylococci attached
to the remaining matrix (arrow).
Fig. 2. SEM observations of staphylococcal attachment to
human mitral valve cultures. Figure 2a illustrates microvillar
structures (arrows) on the surface of the endothelial cells
of mitral valves. Figure 2b illustrates the wide distribution
of the microvilli and its lack of specificity as an attachment

site for staphylococcal attachment. Staphylococci (arrows)
are attaching randomly to the endothelial surface. Figure
2c shows that by 12 h, much of the microvillar structures
have been lost and the ensuing damage.
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staph y lococca l infec tion of human aortic valves indicate a similar
and more dramati c injury of the endothelial ce lls prior to attachme nt a nd invas ion o f the e ndoth e lium.
These dat a indicat e that in vitro staph y lococ ca l infec tion of
human hea rt valve organ culture s provide s a model which yield s
valuable information regardin g the initial pathobiologi ca l eve nts
of ac ute infec tive bac te rial e ndocarditi s. The se studi es parallel
tho se see n in in vivo ex per im e ntal a nimal s as well as so m e of
the patholo gy see n in endocarditis studi es o n human cadavers
(16) . We have demo nstrat ed that th e re is an initial in sult (toxi n
o r oth e rwi se) to th e no rm a l e ndotheli a l ce ll w hich tr a um atized
the ce ll sur face and cha nged its topograph y. Following thi s ac tio n
th ere occ urr ed a direct attac hm e nt of th e sta ph y lococc i to the
e nd ot he lial ce lls a nd a n invasio n and d es tru ctio n of the e ndo the lium. Th ese eve nts were not spec ies specifi c beca use human
sta phy lococca l e ndoc a rditi s isolates wo uld attac h to a nd damage
the endo th e lia l ce lls of both porc ine and canine ao rti c va lves.
Furth e r, there app ea red to be a m or ph o log ica l difference be tween th e e ndoth e lia l ce lls of aor tic a nd mitral valves in th at
the mit ra l valve end ot he lia l ce lls have microvillar like stru ctur es
whil e aortic ce lls do not. T he microvillar stru ct ur es do no t appear to have particular receptors for sta ph y lococca l a tta c hm en t
since there is ra nd om attac hm en t ove r th e e ntir e ce ll surfa ce.
The ev ide nc e pr ese nted here shows the potential of the model
for a nswe rin g qu es tio ns regarding attac hm ent liga nd s and e ndothelial receptors for microorganisms invo lved in ac ute infect ive
bacterial e ndocarditis.
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Discussion with Reviewers
A.R. Wechezak: In order to support th e obse rvation th at endoth e lia l damage occ ur s prior to bacte ria l adh ere nce , did the
a uthor s pe rform a ny expe rim e nts in which extrac ts or diffusible
pr od uc ts from th e bacteria we re inc ubated with th e va lve preparations?
Authors: In order to minimi ze th e e ffect of ca rr y ove r ex trace llula r products th e bac te ri a were washed severa l times imm ed iate ly prior to the ir use as a n in fecting inoculum. However , pu rified tox in s o r ex tra ce llul a r products were not used in o ur model
to assess da ma ge to the valve pr epara ti ons.
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A.R. Wechezak: Does bacterial attac hm e nt occ ur beca use th e
e nd o th e lium is damaged? Is adh e re nce pr ese nted o n intac t
hea lthy e ndoth e lium ?
Authors: We be lieve th at ba cte ria l attac hm e nt occurs as th e endothe lium is da maged. We have obse rved staphy lococci o n areas
of undi srupt ed e nd oth e lium but we have not o bse rved attachme nt of th e staphylo cocc i to th e valve pr e paration w itho ut
damage (di srupti o n) of th e e ndothelium in a n adjacent area.
C learly , va lves w ith damaged endothe lia l ce lls have large
numb e rs o f staph y lococci in and around th e m and thu s g ive the
impr ess io n of da ma ge and attachment bein g assoc iated w ith one
a no th e r.
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A.R. Wechezak: In vivo, the valve lea flets would be in co nsta nt
motion. Do the authors have any observat io ns on how valve
dynamics wou ld affec t bacterial attac hm ent?
Authors: We have not made any obse rvat ions on how dynamics
affect bacterial attachment.

R.M. Albrecht: Do the autho rs expect the adherence seen in
the shaki ng cu ltur e approx imates the adhesion w hich occu rs in
the in vivo flow situat ion s?
Authors: The shak ing cu ltur es we re performed to ensu re the
maximal amou nt of co ntact between bacteria and organ cu ltur e
material and not in an attempt to duplicate in vivo flow situations.

R.M. Albrecht: ls the "tra um a" seen in figure le "patchy " or
does it cover the ent ire surfa ce? How soon af ter introduction
of the bacteria does the damage occur? What do the autho rs
feel causes the ear ly but extensive damage to the endot helia l
ce ll layer? To what extent is the damage a function of the cu ltur e
system ; would simi lar changes be expected to occur in vivo
where volum e, flow, growth condi tions a nd media (b lood) are
considerab ly different than in the in vitro system?
Authors: The damage seen on the endot helial ce lls after introduction of the staphy lococci is fairly uniform over the valvu lar
surface. Th is damage is initiated within the first 15 minutes or
so after bacterial exposure. We believe that the damage to the
endothe lium is most likely caused by one of the extrace llul ar
products excreted by active ly metabolizing stap hylococci. However , we do not have direct evidence to support this hypothesis.
The effects that we see may to some extent be a product of the
culture system. The organ cultur e system is an exp lant and as
such is not continually flushed with changing flow and growth
conditions. This is obv ious ly a concentration effect on the toxic
extracellu lar products within our system which may or may not
be representative of in vivo attachment to heart valves. How ever , from pathological specimens and from our in virro attach ment studies , once the staphylococci attach , there is ensuing
damage to the endothe lium and the valve .

R.M. Albrecht: Are the microvilli on mitral control tissue endothelial ce lls stil l present after 12 and 24 h of culture in the
absence of bacteria?
Authors: Yes.
J.M. Riddle: What are the mechanisms by wh ich the Staphylococcus aureus ad here to the subendothelial components , i.e.
basement membrane and /or fibrous structures?
Authors: We are not certain of al l the mechanisms which stap hylococci use to adhere to endothe lial cells and subendothelial
structures. We have evidence to implicate staphylococci teichoic
acid as a ligand which is involved in attachment to these
structures.
J.M. Riddle: Have you used cultures of only endothe lial cel ls
to further understand the "toxic events " which occur between
these cells and the staphylococcus?
Authors: We are presently using cultured endothelial cells to
attempt to better understand the toxic events between staphylococci and the endothelia l cell.
J.M. Riddle: Does the disappearance of the endothelium after
contact with the staphylococcus really mean that the endothe lial
ce lls are destroyed or do they just detach from the subendo thelium?
Authors: We have seen fragments of endothelial cells as well
as detached cells from the subendothelial matrix. However , these
detached cells appear damaged.
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